Spatio-temporal presentation of growth factors is one of the key attributes of the cell's microenvironment. The design of macroporous alginate scaffolds, wherein TGF-1 or BMP-4 is electrostatically bound to affinity binding sites of alginate sulfate, mimicking their presentation by the extracellular matrix (ECM), was previously shown to enable sustained presentation and release of each factor, thus increasing their biological activity. Specifically, TGF-1/affinity-bound scaffolds induced the chondrogenic differentiation of human mesenchymal stem cells (hMSCs) seeded within these scaffolds. The prolonged activity of the affinity-bound TGF-1 enabled efficient induction of signaling pathways leading to chondrogenesis, up to the appearance of committed chondrocytes. Similarly, BMP-4 affinity-bound to the macroporous alginate scaffold enabled efficient induction of osteogenic differentiation in hMSC constructs. Subsequent construction of a multicompartment inductive system, spatially-presenting TGF-1 and BMP-4 in two distinct layers, enabled complete differentiation of hMSC to chondrocytes and osteoblasts, depending on the type of factor in use in the respective layer. This paper describes in detail the preparation method of the TGF-1 or BMP4/ affinitybound alginate scaffolds, and the set of analyses performed to characterize the resultant scaffolds, including release profile study, released factor bioactivity, and functionality of the scaffolds as hMSC-inductive scaffolds.
INTRODUCTION
A synthetic cell microenvironment design should consider the key external factors affecting cellular fate. For example, growth factors are most frequently required for inducing cell signaling pathways, leading to specific cellular processes. Usually, growth factors are supplemented to the external medium of cultivation systems as soluble molecules, not simulating the natural mode of action by which growth factors are presented to cells. Such inappropriate factor presentation to the cells, as well as the diffusion limitations existing in 3D cultivation systems, may explain the limited effect of these supplemented factors on cell differentiation in vitro [1] .
In an ideal cell microenvironment, specific growth factor administration and its unique presentation and release to the cultured cells should be carefully assessed. There are several strategies which focus on ways to spatially and temporally control the availability of bioactive growth factors. These strategies include incorporation of factor-loaded microparticles into the scaffolds [2, 3] , and covalent binding of the factors to the matrix [1, 4, 5] . Both these strategies, however, do not mimic the natural presentation of the factors by extracellular matrix (ECM), and their application raises issues such as the possible effects of the microsphere presence [6, 7] , and the effect of covalent binding on factor conformation and activity [8, 9] . Naturally in tissues, the soluble growth factors are typically bound to the ECM via electrostatic interactions with heparin/heparan sulfate glycosaminoglycans (GAGs) present in the matrix [10, 11] . In the native cellular microenvironment, heparin and heparan sulfate bind many growth factors, chemokines and cell adhesion molecules, collectively known as heparin-binding peptides, via high affinity and specific electrostatic interactions [10, 11] . Such interactions are mediated by low-and high-sulfated sequences in these GAG chains [12, 13] . These interactions play a critical role in assembling protein-protein complexes, such as growth factor-receptor or enzyme-inhibitor, on the cell surface and in the ECM, that are directly involved in initiating cell signalling events or inhibiting biochemical path-ways [14, 15] . Numerous works have explored the addition of heparin into the matrix to capture the factors [16] [17] [18] [19] [20] . However, heparin is a multi-faceted molecule with several biological functions other than binding growth factors, such as anticoagulation, and its delivery may induce distinguishable blood-thinning effects [16] and other biological responses [21] .
To overcome these limitations and to mimic the natural growth factor spatio-temporal presentation, a novel bioinspired macroporous alginate scaffold was designed, wherein the growth factor is electrostatically bound to affinity binding sites of alginate-sulfate.
Alginate-sulfate, produced by sulfation of the uronic acid monomers in the algae-derived polysaccharide alginate [22] , was designed to mimic the natural interactions of heparin-binding proteins with heparin/heparan sulfate GAGs. Sulfated alginate was shown to bind heparin binding proteins with equilibrium binding constants comparable to those obtained between the proteins and heparin [22, 23] . Such interactions with alginate-sulfate were found to enhance protein stability against enzymatic proteolysis induced by trypsin [24, 25] .
Scaffolds composed of combinations of alginate-sulfate with unmodified pristine alginate have been shown to provide a unique type of an affinity-binding system, which has been shown to maintain prolonged release of multiple proteins, while retaining the properties and characteristics of alginate as a supportive cell vehicle [23, 25, 26] .
The fabrication of macroporous alginate scaffolds, wherein the factor is affinity-bound to alginate sulfate, created a unique inductive matrix easy for cell seeding and cultivation, which triggers specific and desired signaling pathways, followed by proper cellular processes. Specifically, the affinity binding of chondro-inductive factor TGF-1, and the osteo-inductive factor, BMP-4, to macroporous alginate/alginate-sulfate scaffolds was shown to enable their sustained and local presentation, thus increasing their activity as chondrogenic and osteogenic inducers respectively [27, 28] . The prolonged activity of the affinity-bound TGF-1 enabled the efficient induction of signalling pathways in human mesenchymal stem cells (hMSCs), leading to chondrogenesis, up to the appearance of committed chondrocytes of the hyaline cartilage type. Similarly, BMP-4 as affinity-bound to the macroporous alginate scaffold enabled efficient induction of hMSC osteogenic differentiation.
The presentation of the inducible factors as affinity-bound to the matrix, mimicking their presentation by the ECM, enables the construction of complex hierarchical structures, spatially-presenting different factors in separate and distinct compartments. For example, for osteochondral defect repair, where simultaneous regeneration of cartilage and bone are required, a bi-layered system was constructed, spatially-presenting the chondro-inductive TGF-1 and the osteo-inductive BMP-4 in two distinct layers. The prolonged presentation and activity of the factors induced the complete differentiation of hMSCs to chondrocytes and osteoblasts, depending on the type of inducible factor in use in the specific layer [28] .
Herein, we provide a detailed protocol for the synthesis of TGF-1 or BMP-4/ affinity bound alginate scaffolds, the set of analyses performed to characterize the resultant scaffolds, including release profile studies, released factor bioactivity, and functionality of the scaffolds as an inductive platform for guided cell differentiation.
MATERIALS
Specifications of all chemicals used are quoted in the procedure as a reference to the reader. All chemicals, unless specified otherwise, were from Sigma Aldrich (Israel) and were of analytical grade.
Specific equipment
For scaffold fabrication: homogenizer, lyophilizer, orbital shaker, sterile low protein binding (LB) Eppendorfs of two different volumes (0.5, 1.5 ml) (Eppendorf, Germany, 0030 108.094 0030 108.116) For protein release study: plate reader for Enzyme-Linked Immuno-Sorbent Assay (ELISA) detection For histology/immunohistochemistry: paraffin-embedding instrument and microtome Prepare all solutions using ultrapure water (prepared by purifying deionized water to attain a resistivity of 18.2 MΩ cm at 25 °C), and analytical-grade reagents. Prepare and store all reagents at room temperature (RT), unless indicated otherwise. ~30-50 kDa, >65 % guluronic acid monomer content, NovaMatrix FMC Biopolymers, Drammen, Norway) is consisted of two main steps; first, conversion of the sodium salt of alginate to a tertiary amine salt and second, Osulfation with carbodiimide and sulfuric acid [22] . The detailed protocol for alginate sulfation is published in [29] . Note: Surface Plasmon Resonance (SPR) analysis may be carried out to evaluate binding of various heparin-binding proteins to alginate-sulfate, and compared to non-modified alginate or other materials [22, 23] . Alginate-sulfate may be characterized by FTIR to reveal the changes in spectrum profile relative to unmodified sodium alginate. The IR spectrum of alginate-sulfate shows a new major peak at ~1260 cm -1 and a minor peak at ~800 cm -1 . The peak at ~1260 cm -1 is assigned to S=O symmetric stretching, and the one at ~800 cm -1 to S-O-C stretching [22] . Prepare a fresh stock solution by dissolving dry alginate-sulfate in sterile water to a final concentration of 2.5 % (w/v). Reconstitute the protein according to manufacturer's instructions, without addition of carrier protein (e.g., BSA). Distribute to aliquots and immediately store at -80 o C. 
Materials and solutions for in vitro

Materials for cell culture and analyses of cell constructs
1. Basal medium for hMSC chondrogenic induction in TGF-1/affinity bound scaffolds: high-glucose DMEM, supplemented with 50 g/mL ascorbate-2-phosphate (Sigma Aldrich), 100 g/mL sodium pyruvate (Sigma Aldrich), 40 g/mL proline (Biological Industries), 100 U/mL penicillin, 0.1 mg/mL streptomycin, 0.1 mg/mL Neomycin , 1 % (Pen-Strep Neomycin, Biological Industries), ITS + Premix [6.25 g/mL insulin, 6.25 g/mL transferrin, 6.25 g/mL, 6.25 ng/mL selenious acid, 1.25 mg/mL BSA, 5.35 mg/mL linoleic acid, Biological Industries] and 100 nM dexamethasone (Sigma Aldrich). Note: The chemically defined medium for cell culture depends on cell type and on the desired cellular process to be induced. For example, for osteogenic induction of hMSCs in BMP-4 affinity-bound scaffolds, 5 mM of -glycerophosphate (Sigma Aldrich) may be added to the basal medium. The medium should be serum-deprived, if the effect of the affinity bound protein is to be investigated. instructions. Run protein-free (control) scaffold samples in parallel, to determine and normalize possible background readings of empty scaffolds. 5.5 Calculate the percentage of cumulative released growth factor (GF) as: (sum of released GF/ total amount of loaded GF) ×100 %; the total amount of loaded GF is the sum of released protein fractions + the residual nonreleased GF extracted from the scaffold at t = final. 5.6 Typical results are depicted in Figure 2. 
Procedure for the released TGF-1 bioactivity assay
Note: Collagen quantification by Sircol colorimetric assay was used to assess released TGF-1 bioactivity, and was also shown to be applicable for the released BMP-4. For other growth factors of choice, other bioassays may be adopted. 1. Seed primary cardiac fibroblasts into 24-well plate at ~1.5 x 10 5 cells / well, in 1 % PS /DMEM. Note: The assay was originally performed with mouse and rat primary cardio-fibroblasts, but other fibroblasts may be investigated for the assay. 2. Thaw release medium collected from the 5 h and /or 24h time-points of the release study, with at least 20 ng / mL of protein (confirmed by ELISA). 3. Dilute to final concentration of 10 ng / mL with fresh 1 % PS/ DMEM. The control (protein-free) experimental group should be taken from release medium of empty scaffolds diluted in the same manner. An additional control of fresh 1 % PS/ DMEM could be used. 4. One hour after cell seeding, replace the medium by diluted release medium. 5. Cultivate for an additional 3 days. 6. Perform collagen quantification using Sircol colorimetric assay (R&D Systems), as previously described [30] . Anticipated results: biologically active TGF-1 is known to enhance collagen production in primary cardiac fibroblasts [31] , see Figure 3 . 
Cell seeding and culture in affinity-binding scaffolds:
1. Seed cells (for example, human mesenchymal stem cells (hMSCs)), at an initial cell density of 2-5×10 5 cells/scaffold by dropping 15 μL of the cell suspension in culture medium onto the scaffold placed in a 96-well plate. Note: The readers are encouraged to test the system with additional cell types. 2. Centrifuge the well plate with cell constructs for 2 min at 100 × g to achieve homogenous cell distribution within the scaffold. 3. Add 50 μL/well of basal medium, and incubate for 30 min (37 o C, 5 % CO 2 ). 4. Gently transfer the cell constructs with small forceps to 12-well plates supplemented with 2 mL of culture medium. Figure 4) . Note: Optimization of scaffold number per sample (e.g., pooling) could be required to get optimal results. In general, use at least 1-2 × 10 6 cells per sample for Western immunoblotting. 2. The cell constructs in the scaffolds could be subjected to DNA content analysis. In case of chondrogenic induction, cell pellets should be dissolved in 0.5 mL papain solution (5 mM EDTA, L-cysteine, 155 mM NaCl, pH 6.8) and incubated at 65 o C overnight. Store the supernatant at -80 o C until analysis for DNA content using bisbenzimidazole Hoechst 33258 dye (Sigma Aldrich). 3. Alkaline phosphatase (ALP) activity could be measured using the ALP colorimetric assay kit, according to the manufacturer's instructions (MD Biosciences, MN or AnaSpec, Fremont, CA). ALP activity should be normalized to DNA content (See Figure 5 ). 4. The cell constructs in the scaffolds could be subjected to qPCR, and other downstream analyses. 5. Cell viability and/or metabolic activity could be measured using various metabolic assays (e.g., Fluorescein
Diacetate (FDA), see in [32] , XTT, PrestoBlue™ and many others) by direct incubation of the scaffolds in working reagent solution and following the manufacturer's instructions for measurement. Figure 6 ). To detect phosphate salt deposits, typical during osteogenic differentiation (mineralization), use von Kossa reagents (silver nitrate and sodium thiosulfate, Sigma Aldrich or commercial kits) [33] and Nuclear Fast Red solution for counter-staining (see Figure 7 ). 
Histology and Imaging
Immunofluorescent imaging of cell constructs:
Whole cell constructs within alginate scaffolds may be visualized by Laser Scanning Confocal Microscopy, for detection of cell morphology, cellular organization and specific markers.
Note: This general protocol is suited for most primary antibodies. Refer to specific manufacturer's instructions for each antibody, and modify the protocol as necessary. 
SUMMARY
The protocol above refers to TGF-1 and BMP-4, which are well-established examples. However, depending on the cellular system, the protein of interest could be any heparin-binding protein. The affinity-binding scaffold may be a good platform for investigating other cell types and other cellular processes. Moreover, subsequent complex systems may be constructed, spatially-presenting various heparin-binding proteins to achieve hierarchical tissue structures.
